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Abstract 

MicroRNAs (miRNAs) play key regulatory roles In diverse biological 
processes and are frequently dysregulated in human diseases. 
Thus, miRNAs have emerged as a class of promising targets for 
therapeutic intervention. Here, we describe the current strategies 
for therapeutic modulation of miRNAs and provide an update on 
the development of miRNA-based therapeutics for the treatment 
of cancer, cardiovascular disease and hepatitis C virus (HCV) 
infection. 
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Introduction 

MicroRNAs (miRNAs) are a class of sliort (-22 nt) endogenous 
non-coding RNAs that mediate post-transcriptional regulation of 
gene expression (Ambros, 2004; Bartel, 2009). Since the discovery 
of the first miRNAs, lin-4 and let-7, in the nematode Caenorhabditis 
elegans (Lee et al, 1993; Wightman et al, 1993; Reinhart et al, 
2000], 30424 mature miRNAs have been annotated in 205 species 
according to the miRBase Sequence Database release 20 of June 
2013 (Kozomara & Griffiths-Jones, 2011). Most miRNAs are tran- 
scribed by RNA polymerase II from intergenic, intronic or polycis- 
tronic loci to long primary transcripts, called pri-miRNAs (Fig 1). 
Pri-miRNAs are processed sequentially first in the nucleus by the 
Drosha-DGCRS complex to approximately 70 nt pre-miRNA hairpin 
structures and then in the cytoplasm by the Dicer-TRBP complex to 
approximately 22 nt miRNA duplexes (Fig 1) (Bernstein et al, 2001; 
Grishok et al, 2001; Hutvagner et al, 2001; Lee et al, 2003, 2004; Yi 
et al, 2003; Bohnsack et al, 2004; DenU et al, 2004). In addition to 
the canonical miRNA biogenesis pathway, many Drosha-DGCR8- 
independent pathways can produce pre-miRNAs. The most 
common alternative pathway involves short intronic hairpins. 
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termed mirtrons, that are spliced and debranched to form pre-miRNA 
hairpins (Fig 1) (Yang & Lai, 2011; Ladewig et al, 2014). In the 
cytoplasm, miRNA duplexes are incorporated into an Argonaute 
protein-containing miRNA-induced silencing complex (miRISC), 
followed by unwinding of the duplex and retention of the mature 
miRNA strand in miRISC, while the complementary strand is released 
and degraded (Fig 1) (Carthew & Sontheimer, 2009; Krol et al, 2010). 

Metazoan miRNAs guide the miRISC to target mRNAs by base 
pairing imperfectly with their 3' untranslated regions (UTRs), lead- 
ing to translational repression and/or degradation of the mRNA 
targets (Fig 1) (Krol et al, 2010; Huntzinger & Izaurralde, 2011). 
This interaction is nucleated by perfect base pairing of the miRNA 
seed region (nucleotides 2-7 in the mature miRNA) with a comple- 
mentary seed match site in the 3' UTR of the target mRNA (Bartel, 
2009). Apart from canonical seed match sites, other types of 
miRNA-binding sites, such as centered sites, 3' supplementary sites 
and bulged sites have also been described (Bartel, 2009; Shin et al, 
2010; Chi et al, 2012). Computational prediction of target mRNAs 
with conserved seed sites, combined with genome-wide surveys for 
additional types of binding sites, suggests that >60% of all mamma- 
lian protein-coding genes can be regulated by miRNAs (Bartel, 2009; 
Friedman et al, 2009). Indeed, miRNAs have been implicated in the 
regulation of many cellular and developmental processes 
(Kloosterman & Plasterk, 2006; Bushati & Cohen, 2007; Braun & 
Gautel, 2011). Furthermore, miRNA deregulation is a common 
feature in cancer, CNS disorders, inflammation, cardiovascular 
diseases and metabolic disorders, suggesting that miRNAs could 
serve as targets for therapeutic intervention (van Rooij et al, 2007; 
Gottwein & CuUen, 2008; Ventura & Jacks, 2009; Najafi-Shoushtari 
et al, 2010; Rayner et al, 2010; Grueter et al, 2012; van Rooij, 2012; 
van Rooij & Olson, 2012; Rottiers & Naar, 2012; Salta & De Strooper, 
2012; Stenvang et al, 2012; Thorsen et al, 2012). Hence, there are 
currently many efforts focusing on the development of miRNA ther- 
apeutics for the treatment of a wide array of human diseases. 

This review will focus on recent progress in the field of miRNA 
therapeutics. We will describe the current strategies for therapeutic 
modulation of miRNA activity in vivo. Furthermore, we will discuss 
the use of miRNAs as a therapeutic modality and provide an update 
on the development of miRNA-based therapies for treatment of 
cancer, cardiovascular disease and HCV infection. 
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Glossary 
AAV 

Adeno-associated viruses (AAVs) are small, non-enveloped, single- 
stranded DNA viruses that belong to the parvovirus family and 
require a helper virus, such as adenovirus, herpes simplex virus or 
vaccinia virus to replicate 
Antagomir 

Antagomirs are 3' cholesterol-conjugated, 2'-0-methyl-modified 
antisense oligonucleotides that inhibit mlRNA function. Antagomirs 
are fully complementary to mature mlRNAs 
antimlR 

Chemically modified, single-stranded antisense oligonucleotides that 
inhibit mlRNA function. The length of antimlRs ranges from seed- 
targeting 8-mer oligonucleotides to antimlRs that are fully 
complementary to mature mlRNAs 
Atherosclerosis 

Atherosclerosis is a condition in which an artery wall thickens as a 
result of the accumulation of calcium and fatty materials such as 
cholesterol and triglycerides 
Coryza 

Acute inflammation of the mucous membrane of the nasal cavities 
Diastolic heart failure 

Diastolic heart failure is a condition in which a decline in 
performance of one or both ventricles during diastole leads to 
symptoms of congestion from the inappropriate upward shift of the 
diastolic pressure-volume relation 
Erythema 

Redness of the skin or mucous membranes, caused by hyperemia of 

superficial capillaries 

Hypercholesterolemia 

Hypercholesterolemia is a condition characterized by very high levels 

of cholesterol in the blood 

Hyperemia 

Increase of blood flow to different tissues in the body 
Locked nucleic acid (LNA) 

A high-affinity RNA analogue, in which the ribose sugar is locked in a 
C3'-endo conformation by introduction of a 2'-0,4'-C methylene 
bridge 
miRISC 

The mlRNA-induced silencing complex (miRISC) is a multicomponent 
ribonucleoprotein complex comprising a member of the Argonaute 
(Ago) family proteins and a mature miRNA incorporated into Ago, in 
addition to a number of accessory factors. The mature miRNA serves 
as a guide molecule for miRISC by directing 



it to partially complementary target sites located predominantly in 
the 3' untranslated regions (UTRs) of target mRNAs in metazoans, result- 
ing in translational repression and mRNA degradation of the targets 
miRNA mimic 

A small, chemically modified double-stranded RNA that mimics the 
function of an endogenous miRNA 
miRNA replacement therapy 

A therapeutic approach to treat human disease, in which the function 
of a lost or down-regulated mlRNA is restored by introduction of a 
synthetic miRNA to the diseased tissue The synthetic miRNA mimic 
counteracts disease-dependent processes and induces a therapeutic 
response 

miRNA seed region 

The miRNA seed region comprises nucleotides 2-7 in the mature 
miRNA. An important determinant in miRNA target recognition is 
based on Watson-Crick base pairing of the miRNA seed region with a 
complementary seed match site in the target 3' UTR 
miRNA sponge 

miRNA sponges are transcripts expressed from strong promoters, 
containing multiple, tandem binding sites to a miRNA of interest, 
thereby acting as competitive inhibitors of miRNA function 
lUirtron 

Mirtrons are short hairpin introns that provide an alternative source 
for animal miRNA biogenesis and use the splicing machinery to 
bypass Drosha cleavage in initial maturation 
Morpholino 

Morpholino oligomers are a class of chemically modified antisense 
oligonucleotides, in which six-membered morpholine rings replace the 
sugar moieties and non-ionic phosphorodiamidate linkages replace 
the phosphate linkages 
Peptide nucleic acid (PNA) 

RNA oligomers are uncharged oligonucleotide analogues, in which the 
sugar-phosphate backbone has been replaced by a peptide-like 
backbone consisting of N-(2-aminoethyl)-glycine units 
Steatohepatitis 

A liver disease, characterized by inflammation of the liver with 
concurrent fat accumulation in liver 
Toll-like receptors 

Toll-like receptors (TLRs) are a family of pattern-recognition receptors 
in mammals that can discriminate between chemically diverse classes 
of microbial products, including bacterial cell-wall components. TLRs 
play a key role in the innate immune system 



Therapeutic modulation of miRNA activity 

An expanding inventory of genetic gain- or loss-of-function studies 
of specific miRNAs togetiier with recent data from pliarmacological 
modulation of individual miRNAs or miRNA families in animal 
disease models implies that miRNAs are viable targets for therapeu- 
tics [van Rooij, 2012; van Rooij & Olson, 2012; Stenvang et al, 2012; 
Thorsen et al, 2012). Indeed, miRNAs have many advantages as a 
therapeutic modality. The mature miRNA sequences are short and 
often completely conserved across multiple vertebrate species. 
These characteristics make miRNAs relatively easy to target thera- 
peutically and allows for using the same miRNA-modulating 
compound in preclinical efficacy and safety studies as well as in 
clinical trials. Moreover, miRNAs have typically many targets within 
cellular networks, which, in turn, enable modulation of entire 
pathways in a disease state via therapeutic targeting of disease- 
associated miRNAs. Currently, two approaches are employed to 



modulate miRNA activity: (i) restoring the function of a miRNA 
using either synthetic double-stranded miRNAs or viral vector-based 
overexpression and (ii) inhibiting the function of a miRNA using 
chemically modified antimlR oUgonucleotides (Fig 1). The next 
section will describe the design of synthetic miRNA mimics and 
chemically modified antimlRs and their use for modulating 
disease-implicated miRNAs. 

Restoring miRNA function 

One strategy to therapeutically restore the activity of a miRNA is to 
use synthetic RNA duplexes that harbor chemical modifications to 
improve stability and cellular uptake (Garzon et al, 2010; Bader 
et al, 2011; Thorsen et al, 2012) (Fig 2A). In such double-stranded 
miRNA mimics, the strand identical to the miRNA of interest is the 
guide (antisense) strand, while the opposite (passenger or sense) 
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Figure 1. miRNA biogenesis and modulation of miRNA activity by miRNA mimics and antimiR oligonucleotides. 

MiRNA genes are transcribed by RNA polymerase II from intergenic, intronic or polycistronic loci to long primary miRNA transcripts (pri-miRNAs) and processed in the nucleus 
by the Drosha-DGCRS complex to approximately 70 nt pre-miRNA hairpin structures. The most common alternative miRNA biogenesis pathway involves short intronic 
hairpins, termed mirtrons, that are spliced and debranched to form pre-miRNA hairpins. Pre-miRNAs are exported into the cytoplasm and then cleaved by the Dicer-TRBP 
complex to imperfect miRNA: miRNA* duplexes about 22 nucleotides in length. In the cytoplasm, miRNA duplexes are incorporated into Argonaute-containing miRNA- 
induced silencing complex (mlRISC), followed by unwinding of the duplex and retention of the mature miRNA strand in mlRISC, while the complementary strand is released 
and degraded. The mature miRNA functions as a guide molecule for mlRISC by directing it to partiially complementary sites in the target mRNAs, resulting in translational 
repression and/or mRNA degradation. Currently, two strategies are employed to modulate miRNA activity: restoring the function of a miRNA using double-stranded miRNA 
mimics, and inhibition of miRNA function using single-stranded antimiR oligonucleotides. 



strand is less stable and can be linked to a molecule, such as choles- 
terol, to enhance cellular uptake (Fig 2B). In addition, the passenger 
strand may contain chemical modifications to prevent RISC loading, 
while it is further left unmodified to ensure rapid degradation (Chen 
ef al, 2008). Since the miRISC needs to recognize the guide strand 
as a miRNA, the chemical modifications that can be used are 
limited. The 2'-fluoro (2'-F) modification helps to protect against 
exonucleases, hence making the guide strand more stable, while 
it does not interfere with RISC loading (Chiu & Rana, 2003]. An 
example of a potential mimic design is shown in Fig 2B. It should 
be noted that double-stranded miRNA mimics can potentially 
induce a non-specific interferon response through Toll-like recep- 
tors (Peacock et al, 2011). Another potential issue with miRNA 
replacement therapies is the challenge of restoring the level of a 



down-regulated miRNA, while preventing the introduction of supra- 
physiological levels of the miRNA. Additionally, while miRNA 
mimicry increases the levels of a miRNA that is lost during disease 
progression, systemic delivery of such miRNA mimics can also 
result in uptake by non-target tissues that normally do not express 
the miRNA of interest, resulting in potential off-target effects. Thus, 
targeted delivery of miRNA mimics to the appropriate cell or tissue 
type is going to be important to prevent unwanted side effects of this 
therapeutic approach. In addition to chemically modified miRNA 
mimics, the use of lenti-, adeno- or adeno-associated viruses (AAV] 
to drive expression of a given miRNA for restoring its activity has 
been successfully reported by several studies (Kota et al, 2009; 
Trang et al, 2010; Miyazaki et al, 2012). This strategy is discussed 
in more detail below. 
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Inhibition of miRNA function 

Mature miRNAs can be inhibited using either miRNA sponges or 
antisense oligonucleotides, known as antimiRs. A miRNA sponge 
uses transgenic overexpression of RNA molecules harboring 



complementary binding sites to a miRNA of interest to block the 
function of a given miRNA or a miRNA family (Ebert & Sharp, 
2010]. While this approach has shown great utility as an experimen- 
tal tool, antimiRs have shown greater promise from a therapeutic 
perspective. 
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Efficient silencing of dysregulated miRNAs in vivo requires that 
the antimiR oligonucleotides are chemically modified to improve 
their binding affinity, biostability and pharmacokinetic properties. 
Additionally, since miRNA expression levels vary greatly depending 
on the cell and tissue type as well as disease, extensive preclinical 
studies in animal disease models are needed to determine the optimal 
level of inhibition for a given miRNA target. The most commonly 
used sugar modifications for increasing the duplex melting tempera- 
ture (Tm) and improving nuclease resistance of antimiRs include the 
2'-0-methyl (2'-0-Me], 2'-0-Methoxyethyl (2'-M0E) 2'-fluoro and the 
bicyclic locked nucleic acid (LNA] modifications, respectively, 
[Fig 2A) (Davis et al, 2006, 2009; Elmen et al, 2008b; Esau, 2008; 
Stenvang & Kauppinen, 2008; Lennox & Behlke, 2010, 2011; van 
Rooij & Olson, 2012; Stenvang et al, 2012). Among the different sugar 
modifications, LNA exhibits the highest affinity toward complemen- 
tary RNA with an increase in of +2-8°C per introduced LNA modi- 
fication (Braasch & Corey, 2001; Petersen & Wengel, 2003). 

Increased nuclease resistance is achieved by substituting the 
phosphodiester (PO) backbone linkages with phosphorothioate (PS) 
hnkages in antimiR oligonucleotides (Lennox & Behlke, 2010), or by 
using peptide nucleic acid (PNA) or morpholino oligomers, respec- 
tively, designed to target miRNAs (Flynt et al, 2007; Kloosterman 
et al, 2007; Martello et al, 2007; Fabani & Gait, 2008; Fabani et al, 
2010; Babar et al, 2012; Torres et al, 2012) (Fig 2A). Apart from 
nuclease resistance, PS backbone modifications also enhance bind- 
ing to plasma proteins, leading to reduced clearance by glomerular 
filtration and urinary excretion. Thus, PS-modified oligonucleotides 
exhibit markedly improved pharmacokinetic properties, facilitating 
their delivery into many peripheral tissues in vivo (Levin, 1999). 
PNA oligomers are uncharged oligonucleotide analogues, in which 
the sugar-phosphate backbone has been replaced by a peptide-like 
backbone consisting of N-(2-aminoethyl)-glycine units (Egholm 
et al, 1992) (Fig 2A). Polyly sine-conjugated and nanoparticle- 
encapsulated PNA antimiRs have been shown to efficiently inhibit 
miRNA function in cultured cells and in mice (Fabani & Gait, 2008; 
Fabani et al, 2010; Babar et al, 2012; Torres et al, 2012). Morpholinos 
are imcharged and with a slightly increased binding affinity to 
complementary miRNAs (Flynt et al, 2007; Kloosterman et al, 2007; 
Martello et al, 2007) (Fig 2A). 

The first approach to inhibit miRNA function in vivo was to use 
cholesterol-conjugated antagomirs or chemically modified antimiR 



oligonucleotides that were fully complementary to the mature 
miRNA sequence (Kriitzfeldt et al, 2005, 2007; Esau et al, 2006) 
(Fig 2C). Indeed, two studies showed that truncation of a choles- 
terol-conjugated 2'-0-Me-modified antagomir-122 or a uniform 2'- 
MOE-modified antimiR-21, by 3 or more nucleotides results in loss 
of in vitro and in vivo efficacy (Davis et al, 2006; Krutzfeldt et al, 
2007). However, more recent studies have shown that the LNA 
chemistry enables design of truncated LNA-modified antimiRs of 
15-16 nucleotides in length with high affinity toward their cognate 
miRNA targets and high potency in cell culture and in vivo (Elmen 
et al, 2008a,b; Worm et al, 2009; Najafi-Shoushtari et al, 2010; 
Boon et al, 2011; Eskildsen et al, 2011; Montgomery et al, 2011; 
Porrello et al, 2011; Caruso et al, 2012; Grueter et al, 2012). In 
addition, Obad et al (2011) developed an approach for inhibiting 
miRNA seed families using ultra-short LNA oligonucleotides that 
base pair with the seed region, based on the high duplex melting 
temperature of fully LNA-modified 8-mer PS oligonucleotides 
(Fig 2C). Several studies have now shown that pharmacological 
inhibition of miRNA function using 8-mer LNAs can result in a 
therapeutic benefit in mouse disease models in vivo (Garchow et al, 
2011; HuUinger et al, 2012; Leucci et al, 2012; Ranganathan et al, 
2012; Zhang et al, 2012). A potential advantage of this approach is 
that unlike longer antimiRs, it enables antagonism of disease- 
implicated miRNA family members that may have overlapping 
roles in disease, which was recently addressed in two studies in 
mice. HuUinger et al showed that an 8-mer LNA complementary to 
the seed region of the miR-15 family members, including miR-15a, 
-15b, 16-1, -16-2, -195 and miR-497, was more potent in eUciting 
derepression of downstream targets than a 16-mer LNA-modified 
antimiR targeting a specific family member, while both antimiR 
compounds showed comparable uptake to cardiac tissue (HuUinger 
et al, 2012). Notably, pharmacological inhibition of the miR-15 
family by the 8-mer antimiR reduced infarct size and cardiac 
remodeling and led to enhanced cardiac function in response to 
myocardial infarction (MI). The second study asked whether inhibi- 
tion of the miR-34 family (miR-34a, -34b and -34c) by a subcutane- 
ously deUvered 8-mer LNA could provide a therapeutic benefit in 
mice with preexisting pathological cardiac remodeling and dysfunc- 
tion due to MI (Bernardo et al, 2012). Indeed, the seed-targeting 
8-mer LNA was effective in inhibiting all three miR-34 family 
members in two different cardiac stress models and attenuated 



Figure 2. Design of chiemically modified miRNA modulators. 

(A) Structures of chemical modifications used in miRNA modulators. A number of different sugar modifications are used to increase the duplex melting temperature (7^) of 
antimiR oligonucleotides. The 2'-0-methyl (2'-0-Me), 2'-0-methoxyethyl (2'-M0E) and 2'-fluoro (2'-F) nucleotides are modified at the 2' position of the sugar moiety, whereas 
locked nucleic acid (LNA) is a bicyclic RNA analogue in which the ribose is locked in a C3'-endo conformation by introduction of a 2'-0,4'-C methylene bridge. To increase 
nuclease resistance and enhance the pharmacokinetic properties, most antimiR oligonucleotides harbor phosphorothioate (PS) backbone linkages, in which sulfur replaces 
one of the non-bridging oxygen atoms in the phosphate group. In morpholino oligomers, a six-membered morpholine ring replaces the sugar moiety. Morpholinos are 
uncharged and exhibit a slight increase in binding affinity to their cognate miRNAs. PNA oligomers are uncharged oligonucleotide analogues, in which the sugar-phosphate 
backbone has been replaced by a peptide-like backbone consisting of N-(2-aminoethyl)-glycine units. (B) An example of a synthetic double-stranded miRNA mimic 
described in this review. One way to therapeutically mimic a miRNA is by using synthetic RNA duplexes that harbor chemical modifications for improved stability and cellular 
uptake. In such constructs, the antisense (guide) strand is identical to the miRNA of interest while the sense (passenger) strand is modified and can be linked to a molecule, 
such as cholesterol, for enhanced cellular uptake. The sense strand contains chemical modifications to prevent miRISC loading. Several mismatches can be introduced 
to prevent this strand from functioning as an antimiR, while it is further left unmodified to ensure rapid degradation. The 2'-F modification helps to protect the antisense strand 
against exonucleases, hence making the guide strand more stable, while it does not interfere with miRISC loading. (C) Design of chemically modified antimiR oligonucleotides 
described in this review. Antagomirs are 3' cholesterol-conjugated, 2'-0-Me oligonucleotides fully complementary to the mature miRNA sequence with several PS moieties to 
increase their in uiuo stability. The use of unconjugated 2'-F/M0E-, 2'-M0E- or LNA-modified antimiR oligonucleotides harboring a complete PS backbone represents 
another approach for inhibition of miRNA function in uiuo. The high duplex melting temperature of LNA-modified oligonucleotides allows efficient miRNA inhibition using 
truncated, high-affinity 15-15-nucleotide LNA/DNA antimiR oligonucleotides targeting the 5' region of the mature miRNA. Furthermore, the high binding affinity of fully 
LNA-modified 8-mer PS oligonucleotides, designated as tiny LNAs, facilitates simultaneous inhibition of entire miRNA seed families by targeting the shared seed sequence. 
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cardiac remodeling and atrial enlargement, whereas inhibition of 
miR-34a alone with a 15-mer LNA-modified antimiR provided no 
benefit in the MI model [Bernardo et al, 2012). 

Delivery of miRNA modulators 

The main challenge for development of miRNA-based therapeutics 
is efficient and safe delivery of miRNA mimics and antimiRs. Two 
strategies have been used to deliver miRNA replacement therapies 
in vivo: (i) formulated, synthetic, double-stranded miRNA mimics, 
and (u) viral constructs over-expressing the lost or down-regulated 
miRNA. Intravenously and intratumorally injected miRNA mimics 
complexed with liposome nanoparticles (Pramanik et al, 2011], 
polyethyleneimine (Ibrahim et al, 2011} or atelocoUagen [Takeshita 
et al, 2010) have been used to restore the functions of various 
tumor-suppressive miRNAs in mouse cancer models. Notably, the 
first liposome-formulated mimic is currently being tested in a Phase 
I Clinical Trial in patients with unresectable primary liver cancer 
(http://www.mirnatherapeutics.com; http://www.clinicaltrials.gov). 
Furthermore, intranasally administered lentivirus-based expression 
constructs were utilized to deliver tumor-suppressive miRNAs 
in vivo (Trang et al, 2010), whereas two reports demonstrated the 
efficacy of systemically delivered adeno-associated virus [AAV) 
vector-based miRNA expression constructs. In the first study, Kota 
et al reported on AAV-mediated delivery of miR-26a, which blunted 
tumorigenesis in a mouse model of hepatocellular carcinoma 
[Kota et al, 2009), while Miyazaki et al showed that AAV-based 
delivery of miR-196a inhibits the decay of the androgen receptor, 
thereby reducing spinal and bulbar muscular atrophy [Miyazaki 
et al, 2012). Currently, there are several AAV serotypes available 
that can be used for tissue enrichment based on natural tropism 
toward specific cell types and interaction between different cellular 
receptors and serotypes. Additionally, tissue-specific promoters 
allow for tissue-specific expression of the miRNA, which can 
further enhance tissue- or cell-specific delivery. AAV-based 
constructs are currently being used in several clinical trials for gene 
therapy, and the safety profiles are thus far encouraging [Aalbers 
et al, 2011). 

Two strategies have been utilized to enhance in vivo delivery of 
antimiR oligonucleotides; [i) cholesterol conjugation and [ii) modi- 
fication of the phosphate backbone with PS linkages. The 3' 
cholesterol-conjugated, 2'-0-Me-modified antagomirs [Fig 2C) have 
become a well-validated experimental tool for in vivo inhibition of 
miRNAs, since this approach was first described in mice by 
Kriitzfeldt et al (2005). In this report, intravenously (i.v.) injected 
antagomirs showed a broad biodistribution and miRNA silencing 
in many mouse tissues in vivo. In addition, effective inhibition of 
the liver-expressed miR-122 was achieved in mice by three intrave- 
nous [i.v.) doses of 80 mg/kg antagomir-122, which resulted in 
derepression of direct miR-122 targets in the liver and lowering of 
serum cholesterol by 40% [Kriitzfeldt et al, 2005). Additional stud- 
ies showed that antagomirs localize in a cytosolic compartment, 
distinct from P-bodies, and implied that antagomirs promote degra- 
dation of the targeted miRNA [Kriitzfeldt et al, 2007). In addition 
to efficacy in the liver, antagomirs have now shown pharmacologi- 
cal activity in many other tissues as well [reviewed in: Thum, 
2012). 



Additionally, PS backbone Unkages can be employed to enhance 
the pharmacokinetic properties of antisense oligonucleotides (Levin, 
1999). The antagomir approach contains 2 PS modifications at the 5' 
end and 4 at the 3' end, which have been shown to be important for 
their in vivo activity, whereas complete replacement of the phospho- 
diester (PO) backbone by PS linkages decreased antagomir 
efficiency [Krutzfeldt et al, 2007) (Fig 2C). By contrast, efficient 
inhibition of miRNA function has been achieved using saline- 
formulated, chemically modified antimiRs harboring a complete PS 
backbone [Fig 2C). An increasing number of reports have described 
silencing of miRNAs in vivo by unconjugated LNA-modified anti- 
miRs ranging from 8 nt to 16 nt in length as described in the previ- 
ous section. Administration of such antimiRs in mice either by i.v., 
intraperitoneal or subcutaneous injections resulted in antimiR 
uptake in the tissue of interest, which led to inhibition of miRNA 
function and derepression of direct target mRNAs. In addition to 
high accumulation in the kidney and liver, antimiR uptake and 
pharmacological activity have also been reported in other peripheral 
tissues, such as heart, lung, spleen and bone marrow (Elmen et al, 
2008a,b; Worm et al, 2009; Obad et al, 2011; Hildebrandt-Eriksen 
et al, 2012; HuUinger et al, 2012; Ranganathan et al, 2012; Zhang 
et al, 2012). However, the mechanisms of cellular uptake and distri- 
bution are still poorly understood. 

The utility of device-based approaches to establish effective local 
delivery of miRNA therapeutics was recently assessed in the study 
by Hinkel et al (2013), in which the efficacy of antimiR-92 was 
compared after systemic and catheter-based delivery, respectively, 
in a porcine model of ischemia and reperfusion. Interestingly, cathe- 
ter-based delivery of antimiR-92a significantly reduced infarct size 
and improved cardiac function, whereas systemic dehvery of anti- 
miR-92a did not [Hinkel et al, 2013), thereby demonstrating a bene- 
fit of local delivery of antimiR-92a in the setting of cardiac ischemic 
injury. 

mlRNA-based therapeutics: from bench to bedside 

Recent work has shown that miRNAs are frequently deregulated in 
human diseases, suggesting that they could serve as viable targets 
for development of miRNA-based therapeutics (Mendell & Olson, 
2012; van Rooij, 2012; van Rooij & Olson, 2012; Stenvang et al, 
2012; Thorsen et al, 2012) (Table 1). In this section, we review 
selected examples, in which pharmacological modulation of miRNA 
activity has demonstrated a therapeutic benefit for the treatment of 
cancer, heart failure, atherosclerosis and HCV infection, respec- 
tively. 

mlR-34-based cancer therapeutics 

Most studies on modulation of miRNA activity for cancer therapeu- 
tics have focused on miRNA replacement therapies to reintroduce 
miRNAs that are either lost or down-regulated in cancer cells. The 
miR-34 family of miRNAs is consistently down-regulated in a broad 
range of malignancies. This family comprises three members, miR- 
34a, -34b and 34c, and based on the shared seed sequence, they are 
predicted to control an overlapping set of target mRNAs and are, 
thus, likely to be functionally redundant (He et al, 2007). The 
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Table 1. MicroRNA-based therapeutics in development 
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miR-34 family has been shown to control cellular proliferation, cell 
cycle and apoptosis. Notably, p53, a well-known tumor suppressor 
that plays a key role in suppressing cancer by regulating cell cycle, 
apoptosis and DNA repair, has been shown to transcriptionally acti- 
vate the expression of all miR-34 family members (Chang et al, 
2007]. On the other hand, miR-34 can stimulate p53 activity by 
targeting and down-regulating SIRTl, an NAD * -dependent lysine 
deacetylase that removes protective acetyl groups on p53, causing 
p53 ubiquitylation and proteasome-mediated degradation (Yamaku- 
chi et al, 2008), thereby estabUshing a positive feedback loop. The 
strong tumor-suppressive effects observed for miR-34 are likely due 
to the combined modulation of several target mRNAs involved in 
different oncogenic processes, rather than regulation of a single 
target, since none of the miR-34 target mRNAs alone can fully reca- 
pitulate the miR-34 loss-of-function phenotype (Kaller et al, 2011). 

Based on its strong tumor-suppressive effects in vitro, many 
efforts have focused on increasing miR-34 levels in cancer cells by 
using miRNA mimics. In most cases, the miR-34 mimic was deliv- 
ered directly by intratumoral injections, which is only therapeuti- 
cally feasible for easily accessible and localized tumors that have 
not yet metastasized (Wiggins et al, 2010). Since unformulated 
miRNA mimics are rapidly degraded in vivo, an optimized, lipid- 
based formulation can be used to enhance delivery. Liposomal 
encapsulation of miRNA mimics has been shown to facilitate cellu- 
lar uptake by endocytosis and protect the constructs from degrada- 
tion (Wiggins et al, 2010). However, positively charged lipids have 
been shown to induce dose-dependent toxicities and an interferon 
response (Pecot et al, 2011). To circumvent these side effects, the 
utility of neutral lipid emulsion (NLE) has been explored. NLE is 
anionic at normal body pH (7-7.5), which potentially prevents 
unwanted interactions with the negative charge of cellular 
membranes in the endothelium or other tissues. However, in a 
tumor area, where the pH tends to be lower, the Upids become 
cationic, which enhances uptake into tumor cells (Wiggins et al. 



2010). Indeed, Trang et al (2011) showed that systemically deliv- 
ered synthetic miRNA mimics complexed with NLE are preferen- 
tially targeted to lung tumors and show a therapeutic benefit in 
mouse models of lung cancer. Therapeutic delivery was demon- 
strated using mimics of the tumor-suppressor miRNAs, miR-34a and 
let-7, both of which are often down-regulated or lost in lung cancer. 
Systemic treatment with a formulated miR-34 mimic in an ortho- 
topic Kras-activated mouse model of non-small cell lung cancer 
(NSCLC) led to a significant decrease in tumor burden with a 50% 
reduction in tumor area compared to mice treated with a control 
construct. Similar results were obtained with NLE-complexed let-7 
mimics (Trang et al, 2011). Moreover, administration of such lipid- 
based miRNA mimic formulations did not elicit an immune response 
and showed no increase in kidney or hver enzymes, suggesting that 
this strategy is well tolerated in vivo (Trang et al, 2011). In May 
2013, Mirna Therapeutics announced the commencement of a phase 
1 study of the liposome-formulated miR-34 mimic-based drug, desig- 
nated as MRX34, in patients with primary liver cancer or metastatic 
cancer with liver involvement. This is the first miRNA mimic to 
advance into the clinic and, thus, an important milestone for the 
development of miRNA-based replacement therapeutics (Bouchie, 
2013). 

Targeting of miR-33 for the treatment of atherosclerosis 

A number of recent reports have shown that the human sterol- 
regulatory-element-binding-protein genes SREBFl and SREBF2 
harbor two intronic miRNAs, miR-33b and miR-33a, respectively, 
which regulate cholesterol, fatty acid and triglyceride homeostasis 
in concert with their host gene products, SREBPl and SREBP2 (Ger- 
in et al, 2010; Horie et al, 2010; Marquart et al, 2010; Najafi- 
Shoushtari et al, 2010; Rayner et al, 2010, 2011a). The miR-33a and 
miR-33b sequences share the same seed region and are thus 
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predicted to regulate an overlapping set of target mRNAs, indicating 
that they may have redundant biological functions. Interestingly, 
mice and other rodents have only one miR-33 isoform in intron 15 
of SREBF2, corresponding to miR-33a in humans and non-human 
primates (Rottiers & Naar, 2012]. 

The miR-33a/b family plays an important role in post-transcriptional 
repression of the ATP-binding cassette transporter ABCAl, which 
is essential for high-density lipoprotein [HDL] biogenesis and 
promotes reverse cholesterol transport from peripheral tissues, such 
as atherogenic macrophages, back to the liver (Rottiers & Naar, 
2012]. Several studies have shown that genetic deletion or antimiR- 
mediated inhibition of miR-33 in mice leads to derepression of hepatic 
ABCAl and increase in circulating HDL cholesterol levels by up to 
40 % , suggesting that silencing of miR-33 could be a useful therapeutic 
strategy for atherosclerosis (Horie et al, 2010; Marquart et al, 
2010; Najafi-Shoushtari et al, 2010; Rayner et al, 2010, 2011a]. 
Notably, inhibition of miR-33 by a subcutaneously dehvered 2'F/ 
MOE-modified antimiR for 4 weeks in hyperlipidemic low-density 
lipoprotein receptor [Ldlr^^^] knockout mice fed a standard chow diet 
enhanced reverse cholesterol transport and showed atherosclerotic 
plaque regression, consistent with accumulation of the antimiR-33 in 
plaque macrophages (Rayner et al, 2011a). These findings were 
corroborated by two subsequent reports. Horie et al (2012) showed 
that genetic loss of miR-33 in apolipoprotein E-deficient (Apoe^^^) 
knockout mice enhanced cholesterol efflux and significantly 
reduced atherosclerotic plaque size and lipid content, whereas 
RotUan et al (2013) reported that long-term inhibition of miR-33 in 
Ldlr^'^ knockout mice fed a Western diet significantly reduced the 
progression of atherosclerosis. By comparison, a third study by 
Marquart et al (2013) reported that long-term inhibition of miR-33 
in high-fat-/high-cholesterol-fed Ldlr^^^ mice failed to sustain 
elevated HDL cholesterol levels in the serum and did not alter 
progression of atherosclerosis, despite initial increase in HDL 
cholesterol after 2 weeks of treatment (Marquart et al, 2013). This 
observed discrepancy could, at least in part, be due to the high 
excess of dietary cholesterol (1.25%) used in the study by Marquart 
et al (2013). Nevertheless, the different outcomes described above 
raise concerns with regard to translating pharmacology data from 
miR-33 inhibition studies in mouse models to human therapy and 
highlight the need of additional long-term studies in larger animals, 
which in contrast to mice, harbor both miR-33 isoforms. Indeed, 
two studies have reported on pharmacological inhibition of miR-33 
in non-human primates. Rayner et al (2011b] showed that treat- 
ment of normal male African green monkeys by a subcutaneously 
dehvered 2'F/MOE-modified antimiR targeting both miR-33a and 
miR-33b resulted in derepression of hepatic ABCAl levels and 
sustained increase in plasma HDL cholesterol over 12 weeks 
(Rayner et al, 2011b). In addition, pharmacological inhibition of 
miR-33a/b led to derepression of several miR-33 targets implicated 
in fatty acid oxidation and a decrease in very-low-density lipopro- 
tein (VLDL) triglycerides, without any evidence for adverse effects 
in the treated monkeys (Rayner et al, 2011b]. Recently, Rottiers 
et al (2013) reported on pharmacological inhibition of the miR-33 
family using a subcutaneously injected, seed-targeting 8-mer 
LNA-modified antimiR in a non-human primate metabolic disease 
model. In this study, treatment of obese and insulin-resistant female 
African green monkeys with the 8-mer antimiR over 108 days 
resulted in derepression of direct miR-33 targets, including ABCAl, 



increased circulating HDL cholesterol and was well tolerated with- 
out any adverse effects. These findings demonstrate for the first 
time the utility of seed-targeting antimlRs in pharmacological inhibi- 
tion of an entire mlRNA family in non-human primates and imply 
that even under conditions of obesity, hyperglycemia and low insu- 
lin responsiveness in a severe metaboUc disease animal model, 
inhibition of the miR-33 family is a feasible approach to increase 
circulating HDL cholesterol (Rottiers et al, 2013). 

Inhibition of miR-208 for tlie treatment of lieart failure 
and diabetes 

The ot-myosin heavy chain (aMHC) gene is one of the most impor- 
tant genes for determining cardiomyocyte contractility. Several 
years ago, it was discovered that this gene not only gives rise to a 
key protein, but additionally produces a mlRNA, known as mlR- 
208a (van Rooij et al, 2007). Although the expression level of miR- 
208a does not change significantly during cardiac stress, this mlRNA 
appears to play a key role in the stress-induced induction of PMHC, 
the pathological counterpart of oiMHC and is, thus, a relevant player 
during pathological remodeling that occurs during cardiac disease 
(van Rooij et al, 2007). Efficacy studies in animal models of heart 
disease using an LNA-modified antimiR targeting miR-208a indi- 
cated that subcutaneous delivery of antimiR-208a prevents disease- 
related cardiac remodeling, a decline in function, and death during 
diastolic heart disease (Montgomery et al, 2011). These studies 
underscore the potential of antimiR-based therapies for modulating 
cardiac mlRNAs and validate miR-208 as a therapeutic target for the 
modulation of cardiac function and remodeling during heart 
disease. 

Follow-up studies showed that long-term treatment with anti- 
miR-208 prevented age-induced weight gain normally observed in 
mice. This effect occurred in the absence of detectable toxicity or 
observable cardiac effects. To further investigate this phenotype, the 
effect of antimiR-208a in a model of type II diabetes (high-fat (HF) 
diet] was tested, which indicated that mice on HF diet and treated 
with antimiR-208a showed a remarkable dose-dependent reduction 
in the increase in body weight. This effect was due to a reduction in 
fat weight in animals treated with antimiR-208 compared to animals 
treated with either saline or a control oligonucleotide. Additionally, 
while HF diet-induced obesity resulted in glucose intolerance in 
untreated mice, antimiR-208a treated mice showed a normahzed 
glucose response, as measured by a glucose tolerance test (Grueter 
et al, 2012). These findings imply that inhibition of miR-208, in 
addition to blocking cardiac remodeling in the setting of heart 
disease, can have profound effects on metabolism and imply that 
the heart plays an unexpected role in the regulation of systemic 
metabolism and energy expenditure based on a miR-208-dependent 
mechanism. 

Shortly after the first report on miR-208a, it was discovered 
that the pMHC gene also contains an intronic miR-208 isoform, 
named miR-208b (van Rooij et al, 2009). Interestingly, myosin 
and subsequent miR-208 (myomlR) expression differs significantly 
between species. While Q(MHC/miR-208a is the predominant 
cardiac myosin in rodents, expression of pMHC/miR-208b is more 
prevalent in larger mammals. Hence, additional studies in 
non-human primates will be important in pinpointing whether 
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pharmacological inhibition of miR-208b in larger mammals 
induces comparable gene changes and biological effects as miR- 
208a inhibition does in rodents. 



Therapeutic inhibition of miR-122 for the treatment of 
HCV infection 

miR-122 is a highly abundant, liver-expressed mlRNA that is 
completely conserved from zebrafish to man and implicated in the 
regulation of hepatic cholesterol, lipid and iron metabohsm and 
in maintaining liver cell identity (Lagos-Quintana et al, 2002; 
Kriitzfeldt et al, 2005; Wienholds et al, 2005; Esau et al, 2006; 
Elmen et al, 2008a,b; Castoldi et al, 2011; Jopling, 2012). AntimiR- 
mediated inhibition of miR-122 in mice results in derepression of 
predicted target mRNAs in the liver and lowering of plasma choles- 
terol by 30-40%, suggesting that miR-122 could be a potential target 
for cholesterol lowering (reviewed in: Rottiers cSi Naar, 2012). 
Kriitzfeldt et al (2005) were the first to report on miR-122 antagonism 
in mice using intravenously injected antagomirs (three doses of 
80 mg/kg antagomir-122), whereas Esau et al (2006) used an intra- 
peritoneally dehvered, 2' MOE-modified antimlR for inhibition of 
miR-122 in high-fat-diet-fed mice by treating the animals for 

4 weeks with 2 weekly doses ranging from 12.5 to 75 mg/kg/dose. 
In a third miR-122 inhibition study, treatment of high-fat-diet-fed 
mice with a 15-mer LNA-modified antimlR (miravirsen) twice 
weekly at 5 mg/kg/dose for 6 weeks resulted in long-lasting 
decrease in serum cholesterol (Elmen et al, 2008b). Furthermore, 
systemic administration of this antimiR to African green monkeys 
at doses ranging from 1 to 10 mg/kg with three i.v. infusions over 

5 days resulted in sequestration of mature miR-122 and dose- 
dependent and long-lasting decrease of circulating cholesterol levels, 
which gradually returned to baseline levels over a 3-month period 
after treatment (Eknen et al, 2008b). Importantly, short-term pharma- 
cological inhibition of miR-122 was shown to be reversible and well 
tolerated in mice and non-human primates without any acute or 
subchronic toxicities (Elmen et al, 2008a,b). However, two recent 
studies reported that chronic loss of miR-122 function in Mirl22 
germline knockout and liver-specific knockout mice, respectively, 
resulted in increased incidence of steatohepatitis and hepatocellular 
carcinoma with age (Hsu et al, 2012; Tsai et al, 2012). Hence, addi- 
tional studies are required to assess the potential risks associated with 
long-term inhibition of miR-122. Furthermore, inhibition of miR-122 
has been shown to lower both LDL cholesterol and HDL cholesterol 
levels mice and non-human primates (Elmen et al, 2008b), which 
implies that miR-122 is not a good therapeutic target for reducing 
increased levels of LDL cholesterol in hypercholesterolemia. 

Apart from its role in modulating cholesterol metabolism, miR- 
122 was shown to function as an important host factor for hepatitis 
C virus (HCV) propagation by an unusual mechanism, in which two 
miR-122 molecules interact with the 5' untranslated region (UTR) of 
the HCV genome by binding to two miR-122 seed sites in association 
with Ago2 (JopUng et al, 2005; Machlin et al, 2011; Shimakami 
et al, 2012a). By forming a ternary miR-122-HCV RNA complex, 
miR-122 protects the HCV 5' UTR from nucleolytic degradation and 
thereby promotes viral RNA stability and propagation (Jopling et al, 
2005; Machlin et al, 2011; Shimakami et al, 2012b; Mortimer & 
Doudna, 2013). Interestingly, inhibition of miR-122 function in 



cultured liver cells results in marked suppression of HCV RNA accu- 
mulation, implying that miR-122 could be a potential target for treat- 
ment of HCV infection (Jopling et al, 2005). Furthermore, both miR- 
122 binding sites are conserved in all six HCV genotypes (Li et al, 
2011; Shimakami et al, 2012b), which implies that an antimiR-based 
HCV therapy would be genotype independent. Indeed, potent antivi- 
ral activity against all six HCV genotypes was recently reported in 
cultured cells using the LNA-modified antimiR miravirsen (Li et al, 
2011), which would support its potential use for the treatment of all 
HCV genotype infections. 

The therapeutic potential of miravirsen as a new antiviral treatment 
strategy was initially assessed in an efficacy study in chimpanzees, in 
which four animals with a chronic HCV genotype 1 infection were 
treated with 12 weekly i.v. doses of miravirsen with two chimpanzees 
receiving 5 mg/kg/dose and two receiving 1 mg/kg/dose, respectively 
(Lanford et al, 2010). A marked and long-lasting decUne of viral titer 
was detected in the high dose treatment group with a maximum 
reduction of 2.6 orders of magnitude in HCV RNA levels 2 weeks after 
last dose with no evidence of viral rebound during the miravirsen 
treatment phase or side effects in the treated animals (Lanford et al, 
2010). Furthermore, no escape mutations were detected in the two 
miR-122 binding sites of the HCV 5' UTR, implying that miravirsen 
has a high barrier to HCV resistance (Lanford et al, 2010). 

Two companies are currently developing antimiR-122-based ther- 
apeutics for the treatment of HCV infection. The N-Acetylgalactos- 
amine (GalNAC)-conjugated antimiR-122 compound RG-101 
developed by Regulus Therapeutics recently commenced dosing in 
healthy volunteers in a phase 1 study (http://www.regulusrx.com), 
whereas miravirsen, the first miRNA-targeted drug that advanced to 
clinical trials, is being developed by Santaris Pharma (http:// 
www.santaris.com). Data from phase 1 safety studies in healthy 
male volunteers showed that miravirsen treatment was safe and 
well tolerated, consistent with data obtained from rodent and non- 
human primate studies (Elmen et al, 2008b; Hildebrandt-Eriksen 
et al, 2009, 2012; Lanford et al, 2010). Furthermore, data from the 
first phase 2 study with miravirsen in HCV-infected patients were 
recently published (Janssen et al, 2013). A total of 36 treatment- 
naive patients with chronic HCV genotype 1 infection were enrolled 
for this study and randomly assigned to receive miravirsen at doses 
of 3, 5 or 7 mg/kg or placebo as a total of 5 weekly subcutaneous 
injections over 29 days. Treatment with miravirsen resulted in a 
dose-dependent and long-lasting antiviral activity with a mean- 
maximum decrease in HCV RNA levels (loglO lU/ml) of 3.0 for 
patients receiving 7 mg/kg and 2.9 for those receiving 5 mg/kg, 
compared with a decline of 0.4 observed in the placebo group. No 
viral resistance-associated mutations were detected in the miR-122 
seed sites of HCV 5' UTR in any of the patients. Interestingly, during 
the 14-week follow-up period, one patient in the 5 mg/kg group and 
four patients in the 7 mg/kg group had undetectable HCV RNA 
levels. However, four of these patients showed a viral rebound by 
the end of the study, implying that a 4-week miravirsen monothera- 
py is not sufficient to achieve a sustained virologic response 
(Janssen et al, 2013). Miravirsen was well tolerated, and there were 
no dose-limiting toxic effects or treatment discontinuations due to 
adverse events. The reported adverse events were infrequent and 
mostly mild, such as headache, coryza, fatigue and nausea, and no 
serious adverse events or clinically significant changes in safety tests, 
vital signs or electrocardiograms were observed. Two patients in the 
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Pending issues 

Development of improved in uitro and in uiuo models of human 
disease and technologies for mIRNA target validation. 

Identification and characterization of direct miRNA targets and the 
impact of mlRNA modulation on the target mRNAs. 

Improved understanding of the antimlR oligonucleotide mechanism of 
action. 

Development of improved delivery technologies for miRNA mimics 
and antimlR oligonucleotides. 

Understanding of the long-term effects of mlRNA modulation in uiuo. 

Comprehensive analyses of the off-target effects of miRNA-based 
drugs. 

Pharmacol<inetic/pharmacodynamics modeling of miRNA-based drugs. 

Assessment of the efficacy and safety of miRNA-based therapeutics in 
human subjects. 

7 mg/kg miravirsen treatment group showed injection-site reactions 
that included a combination of local erythema, itching and persistent 
induration. However, these were self-limited or resolved with mini- 
mal treatment, and no systemic allergic reactions were observed. 
[Janssen et al, 2013). In summary, these data show that short-term 
use of miravirsen in patients with chronic HCV genotype 1 infection 
is safe and well tolerated and provides long-lasting antiviral activity 
without evidence of viral resistance. Furthermore, this study implies 
that pharmacological modulation of miRNA activity is indeed a 
feasible therapeutic strategy in human patients and thus represents a 
landmark achievement in the development of miRNA therapeutics. 

Concluding remarks 

Since the seminal discovery of the first miRNA, lin-4, in the nema- 
tode C. elegans two decades ago, over 30,000 mlRNAs have been 
identified in 206 species, including 2,578 mature mlRNAs in 
humans. Indeed, mlRNAs are involved in the regulation of most, 
if not all biological processes in the cell. Furthermore, mlRNAs are 
frequently deregulated in human diseases, indicating that they 
could serve as viable targets for therapeutics. Two main strategies 
are employed for pharmacological modulation of miRNA activity 
in vivo: [i] restoring the function of a miRNA using either 
synthetic miRNA mimics or viral expression constructs, and (ii) 
inhibition of miRNA function by chemically modified antimlR 
oligonucleotides. Apart from delivery to the kidney and liver, 
many additional peripheral tissues have been successfully targeted 
using currently available delivery approaches for miRNA replace- 
ment therapies and antimlR oligonucleotides. However, the ubiqui- 
tous expression patterns reported for many miRNAs increases the 
risk of off-target effects by a miRNA modulator especially in indi- 
cations that require chronic treatment. Thus, delivery of miRNA 
modulators to the cell type or tissue of interest is a key factor for 
successful development of miRNA-based therapeutics. One possi- 
ble approach would be a conjugation strategy with the nucleic 
acid linked to targeting molecules, such as peptides, antibodies or 
other bioactive molecules, which may promote homing of the 
miRNA modulator to specific cell types. Alternatively, the antimlR 
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or miRNA mimic could be encapsulated into a lipid-based formula- 
tion that enhances cell-specific uptake. Until the methods for more 
specific delivery become a reality, device-based delivery 
approaches, such as stents or catheters, local injections or ectopi- 
cal delivery could be applied to circumvent some of the delivery 
issues. To date, delivery of antisense oligonucleotides has been 
reported in the lung by inhalation, to the gut by enema formula- 
tion, to the brain by intraventricular or intrathecal administration, 
and to the eye by direct intraocular delivery. Apart from efficient, 
targeted delivery, understanding the side effects and potential off- 
target effects alongside physiological repercussions of long-term 
miRNA modulation in vivo is of key importance. Furthermore, due 
to the variation in miRNA expression levels across different cell 
and tissue types under normal physiological conditions as well as 
in disease, extensive preclinical studies are required to determine 
the optimal level of inhibition for a given miRNA target. Similarly, 
development of miRNA replacement therapies will require optimiza- 
tion for restoring the activity of a down-regulated or lost miRNA, 
while preventing the introduction of supraphysiological levels of the 
same miRNA. Nevertheless, as described in this review, pharmaco- 
logical modulation of disease-associated miRNAs has demonstrated 
promising therapeutic potential and appears to be well tolerated 
based on data from short-term studies in animal disease models 
and human patients. Notably, data from the first clinical phase 2 
study showed that the antimiR-122 drug miravirsen was safe and 
well tolerated and provided prolonged antiviral activity in chroni- 
cally HCV-infected patients, which implies that miRNA-based thera- 
peutics can indeed become a reality in clinical medicine. 
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For more information 

A comprehensive Web-accessible resource of microRNA target predictions and 
expression profiles: w/ww.microrna.org. 

miRBase — A searchable database of published mlRNA sequences and annota- 
tion: www.mirbase.org. 

TargetScan — Online software for prediction of microRNA targets: www. 
targetscan.org. 

A comprehensive resource of mlRNA deregulation in various human diseases: 
www.mir2disease.org. 

A database of publicly and privately supported clinical studies conducted 
around the world, including clinical trials with miRNA-based therapeutics: 
www.clinicaltrials.gov. 

References 

Aalbers CJ, Tak PP, Vervoordeldonk MJ (2011) Advancements in 

adeno-associated viral gene therapy approaches: exploring a new horizon. 
FIOOO Med Rep 3: 17 

© 2014 The Authors 



Eua van Rooij & Sakari Kauppinen Development of microRNA therapeutics 



EMBO Molecular Medicine 



Ambros V (2004) The functions of animal microRNAs. Nature 431: 350-355 
Babar lA, Cheng CJ, Booth CJ, Liang X, Weidhaas JB, Saltzman WM, Slack FJ 
(2012) Nanopaiticle-based therapy in an in vivo microRNA-155 
(miR-155)-depenclent mouse model of lymphoma. Proc Natl Acad Sci USA 
109: E1695-E1704 

Bader AC, Brown D, StoudemireJ, Lammers P (2011) Developing therapeutic 

microRNAs for cancer Gene Ther 18: 1121-1126 
Bartel DP (2009) MicroRNAs: target recognition and regulatory functions. Cell 

136: 215-233 

Bernardo BC, Cao X-M, Winbanks CE, Boey EJH, Tham YK, Kiriazis H, 
Cregorevic P, Obad S, Kauppinen S, Du X-J et al (2012) Therapeutic 
inhibition of the miR-34 family attenuates pathological cardiac 
remodeling and improves heart function. Proc Natl Acad Sci USA 109: 
17615-17620 

Bernstein E, Caudy AA, Hammond SM, Hannon CJ (2001) Role for a bidentate 
ribonuclease in the initiation step of RNA interference. Nature 409: 
363-366 

Bohnsack IVIT, Czaplinski K, Corlich D (2004) Exportin 5 is a 

RanCTP-dependent dsRNA-binding protein that mediates nuclear export 
of pre-miRNAs. RNA 10: 185-191 

Boon RA, Seeger T, Heydt S, Fischer A, Hergenreider E, Horrevoets AJC, 
Vinciguerra M, Rosenthal N, Sciacca S, Pilato M et al (2011) MicroRNA- 29 
in aortic dilation: implications for aneurysm formation. Circ Res 109: 
1115-1119 

Bouchie A (2013) First microRNA mimic enters clinic. Nat Biotechnol 31: 577 
Braasch DA, Corey DR (2001) Locked nucleic acid (LNA): fine-tuning the 

recognition of DNA and RNA. Chem Biol 8: 1-7 
Braun T, Cautel M (2011) Transcriptional mechanisms regulating skeletal 

muscle differentiation, growth and homeostasis. Wat Reu Mol Cell Biol 12: 

349-361 

Bushati N, Cohen SM (2007) microRNA functions. Anna Reu Cell Deu Biol 23: 
175-205 

Carthew RW, Sontheimer EJ (2009) Origins and mechanisms of mlRNAs and 

siRNAs. Cell 136: 642-655 
Caruso P, Dempsie Y, Stevens HC, McDonald RA, Long L, Lu R, White K, Mair 

KM, McClure JD, Southwood M et al (2012) A role for miR-145 in 

pulmonary arterial hypertension: evidence from mouse models and 

patient samples. Circ Res 111: 290-300 
Castoldi M, Vujic Spasic M, Altamura S, Elmen J, Lindow M, Kiss J, Stolte J, 

Sparia R, DAIessandro LA, Klingmuller U et al (2011) The liver-specific 

microRNA miR-122 controls systemic iron homeostasis in mice, j Clin 

Inuest 121: 1386-1396 
Chang T-C, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee KH, 

Feldmann C, Yamakuchi M, Ferlito M, Lowenstein CJ et al (2007) 

Transactivation of miR-34a by p53 broadly influences gene expression and 

promotes apoptosis. Mol Cell 26: 745-752 
Chen PY, Weinmann L, Caidatzis D, Pel Y, Zavolan M, TuschI T, Meister C 

(2008) Strand-specific 5'-0-methylation of sIRNA duplexes controls guide 

strand selection and targeting specificity. RNA 14: 263-274 
Chi SW, Hannon CJ, Darnell RB (2012) An alternative mode of microRNA 

target recognition. Nat Struct Mol Biol 19: 321-327 
Chiu YL, Rana TM (2003) siRNA function in RNAi: a chemical modification 

analysis. RNA 9: 1034-1048 
Davis S, Lollo B, Freier S, Esau C (2006) Improved targeting of mlRNA with 

antisense oligonucleotides. Nucleic Acids Res 34: 2294-2304 
Davis S, Propp S, Freier SM, Jones LE, Serra MJ, Kinberger G, Bhat B, Swayze 

EE, Bennett CF, Esau C (2009) Potent inhibition of microRNA in vivo 

without degradation. Nucleic Acids Res 37: 70-77 



Denii AM, Tops BBJ, Plasterk RNA, Ketting RF, Hannon CJ (2004) Processing of 
primary microRNAs by the microprocessor complex. Nature 432: 231-235 

Ebert MS, Sharp PA (2010) MicroRNA sponges: progress and possibilities. RNA 
16: 2043-2050 

Egholm M, Buchardt 0, Nielsen PE, Berg RH (1992) Peptide nucleic acids 

(PNA). Oligonucleotide analogues with an achiral backbone. J Am Chem 

Soc 114: 1895-1897 
Elmen J, Lindow M, Schutz S, Lawrence M, Petri A, Obad S, Lindholm M, 

Hedtjarn M, Hansen HF, Berger U et al {2008b) LNA-mediated microRNA 

silencing in non-human primates. Nature 452: 896-899 
Elmen J, Lindow M, Silahtaroglu A, Bak M, Christensen IVl, Lind-Thomsen A, 

Hedtjarn M, Hansen JB, Hansen HF, Straarup EM et al (2008a) Antagonism 

of microRNA-122 in mice by systemically administered LNA-antimiR leads 

to up-regulation of a large set of predicted target mRNAs in the liver. 

Nucleic Acids Res 36: 1153-1162 
Esau C, Davis S, Murray SF, Yu XX, Pandey SK, Pear M, Watts L, Booten SL, 

Graham M, McKay R et al (2006) miR-122 regulation of lipid metabolism 

revealed by in vivo antisense targeting. Cell Metab 3: 87-98 
Esau CC (2008) Inhibition of microRNA with antisense oligonucleotides. 

Methods 44: 55-60 
Eskildsen T, Taipaleenmaki H, Stenvang J, Abdallah BM, Ditzel N, Nossent AY, 

Bak M, Kauppinen S, Kassem M (2011) MicroRNA-138 regulates osteogenic 

differentiation of human stromal (mesenchymal) stem cells in vivo. Proc 

Natl Acad Sci USA 108: 6139-6144 
Fabani MM, Gait MJ (2008) miR-122 targeting with LNA/2'-0-methyl 

oligonucleotide mixmers, peptide nucleic acids (PNA), and PNA-peptide 

conjugates. RNA 14: 336-346 
Fabani MM, Abreu-Goodger C, Williams D, Lyons PA, Torres AC, Smith KG, 

Enright AJ, Gait MJ, Vigorito E (2010) Efficient inhibition of miR-155 

function in vivo by peptide nucleic acids. Nucleic Acids Res 38: 4466 - 4475 
Flynt AS, Li N, Thatcher EJ, Solnica-Krezel L, Patton JC (2007) Zebraflsh 

miR-214 modulates Hedgehog signaling to specify muscle cell fate. Nat 

Genet 39: 259-263 
Friedman RC, Farh KK-H, Burge CB, Bartel DP (2009) Most mammalian 

mRNAs are conserved targets of microRNAs. Genome Res 19: 92-105 
Garchow BG, Bartulos Encinas 0, Leung YT, Tsao PY, Eisenberg RA, Caricchio 

R, Obad S, Petri A, Kauppinen S, Kiriakidou M (2011) Silencing of 

microRNA- 21 in vivo ameliorates autoimmune splenomegaly in lupus 

mice. EMBO Mol Med 3: 605-615 
Garzon R, Marcucci C, Croce CM (2010) Targeting microRNAs in cancer 

rationale, strategies and challenges. Nat Reu Drug Discou 9: 775-789 
Cerin I, Clerbaux L-A, Haumont 0, Lanthier N, Das AK, Burant CF, Leclercq lA, 

MacDougald OA, Bommer GT (2010) Expression of miR-33 from an SREBP2 

intron inhibits cholesterol export and fatty acid oxidation.) Biol Chem 285: 

33652-33661 

Gottwein E, Cullen BR (2008) Viral and cellular microRNAs as determinants of 
viral pathogenesis and immunity. Cell Host Microbe 3: 375-387 

Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, Baillie DL, Fire A, 
Ruvkun G, Meilo CC (2001) Genes and mechanisms related to RNA 
interference regulate expression of the small temporal RNAs that control 
C. elegans developmental timing. Cell 106 : 23 - 34 

Grueter CE, van Rooij E, Johnson BA, DeLeon SM, Sutherland LB, Qi X, 
Cautron L, Elmquist JK, Bassel-Duby R, Olson EN (2012) A cardiac 
microRNA governs systemic energy homeostasis by regulation of MED13. 
Cell 149: 671-683 

He L, He X, Lim LP. de Stanchina E. Xuan Z, Liang Y. Xue W, Zender L, 
Magnus J, Ridzon D et al (2007) A microRNA component of the p53 
tumour suppressor network. Nature 447: 1130-1134 



© 2014 The Authors 



EMBO Molecular Medicine Vol 5 j No 7 j 2014 861 



EMBO Molecular Medicine 



Development of microRNA therapeutics Eua van Rooij & Sakari Kauppinen 



Hildebrandt-Eriksen ES, Bagger YZ, Knudsen TB, Petri A, Persson R, Boergesen 
HM, McHutchison JC, Levin AA (2009) A unique therapy for HCV inhibits 
microRNA-122 in humans and results in HCV RNA suppression in 
chronically infected chimpanzees: results from primate and first-in-human 
studies. Hepatology 50: LB19 

Hildebrandt-Eriksen ES, Aarup V, Persson R, Hansen HF, Munk ME, 

0rum H (2012) A locked nucleic acid oligonucleotide targeting microRNA 
122 is well-tolerated in cynomolgus monkeys. Nucleic Acid Ther 22: 
152-161 

Hinkel R, Penzkofer D, Zuhike S, Fischer A, Husada W, Xu Q-F, Baloch E, Van 
Rooij E, Zeiher AM, Kupatt C et al (2013) Inhibition of MicroRNA-92a 
protects against ischemia/reperfusion injury in a large-animal model. 
Circulation 128: 1066-1075 

Horie T, Ono K, Horiguchi M, Nishi H, Nakamura T, Nagao K, Kinoshita M, 
Kuwabara Y, Marusawa H, Iwanaga Y et al (2010) MicroRNA-33 encoded 
by an intron of sterol regulatory element-binding protein 2 (Srebp2) 
regulates HDL in vivo. Proc Natl Acad Sci USA 107: 17321-17326 

Horie T, Baba 0, Kuwabara Y, Chujo Y, Watanabe S, Kinoshita M, Horiguchi 
M, Nakamura T, Chonabayashi K, Hishizawa M et al (2012) MicroRNA-33 
deficiency reduces the progression of atherosclerotic plaque in ApoE"'" 
mice. J Am Heart Assoc 1: e003376 

Hsu S-H, Wang B, Kota J, Yu J, Costinean S, Kutay H, Yu L, Bai S, La Perle K. 
Chivukula RR et al (2012) Essential metabolic, anti-inflammatory, and 
anti-tumorigenic functions of miR-122 in liver, j Clin Inuest 122: 
2871-2883 

Hullinger TC, Montgomery RL, Seto AC, Dickinson BA, Semus HM, Lynch jM, 
Dalby CM, Robinson K. Stack C, Latimer PA et al (2012) Inhibition 
of miR-15 protects against cardiac ischemic injury. Circ Res 110: 71-81 

Huntzinger E, Izaurralde E (2011) Gene silencing by microRNAs: 

contributions of translational repression and mRNA decay. Nat Reu Cenet 
12: 99-110 

Hutvagner C, McLachlan J, Pasquinelli AE, Balint E, TuschI T, Zamore PD 
(2001) A cellular function for the RNA-interference enzyme Dicer in the 
maturation of the let-7 small temporal RNA. Science 293: 834-838 

Ibrahim AF, Weirauch U, Thomas M, Crunweller A, Hartmann RK, Aigner A 
(2011) MicroRNA replacement therapy for miR-145 and miR-33a is 
efficacious in a model of colon carcinoma. Cancer Res 71: 5214-5224 

Janssen HLA, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-Torres M, Patel K, 
Van Der Meer Aj, Patick AK, Chen A, Zhou Y et al (2013) Treatment of HCV 
infection by targeting microRNA. N Engl J Med 368: 1685-1694 

Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P (2005) Modulation of 
hepatitis C virus RNA abundance by a liver-specific microRNA. Science 309: 
1577-1581 

Jopling C (2012) Liver-specific microRNA-122: biogenesis and function. RNA 
Biol 9: 137-142 

Kaller M, Lifters S-T, Oeljeklaus S, Kuhlmann K, Rdh S, Hoffmann R, Warscheid 
B, Hermeking H (2011) Cenome-wide characterization of miR-34a induced 
changes in protein and mRNA expression by a combined pulsed SILAC and 
microarray analysis. Mol Cell Proteomics 10: M111.010462 

Kloosterman WP, Plasterk RHA (2006) The diverse functions of microRNAs in 
animal development and disease. Deu Cell 11: 441-450 

Kloosterman WP, Lagendijk AK, Ketting RF, Moulton jD, Plasterk RHA (2007) 
Targeted inhibition of mlRNA maturation with morpholinos reveals a role 
for miR-375 in pancreatic islet development PLoS Biol 5: e203 

Kota J, Chivukula RR, O'Donnell KA, Wentzel EA, Montgomery CL, Hwang 
H-W, Chang T-C, Vivekanandan P, Torbenson M, Clark KR et al (2009) 
Therapeutic microRNA delivery suppresses tumorigenesis in a murine liver 
cancer model. Cell 137: 1005-1017 



Kozomara A, Griffiths-Jones S (2011) mlRBase: integrating microRNA 

annotation and deep-sequencing data. Nucleic Acids Res 39: D152-D157 
Krol J, Loedige I, Filipowicz W (2010) The widespread regulation of microRNA 

biogenesis, function and decay. Nat Reu Genet 11: 597-610 
Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, TuschI T, Manoharan M, Stoffel 

M (2005) Silencing of microRNAs in vivo with "antagomirs". Nature 438: 

685-689 

Krutzfeldt J, Kuwajima S, Braich R, Rajeev KG, Pena J, TuschI T, Manoharan M, 
Stoffel M (2007) Specificity, duplex degradation and subcellular 
localization of antagomirs. Nucleic Acids Res 35: 2885-2892 

Ladewig E, Okamura K, Flynt AS, Westholm JO, Lai EC (2014) Discovery of 
hundreds of mirtrons in mouse and human small RNA data. Genome Res 
22: 1634-1645 

Lagos-Quintana M, Rauhut R, Yalcin A, Meyer j. Lendeckel W, TuschI T (2002) 
Identification of tissue-specific microRNAs from mouse Curr Biol 12: 735-739 

Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk ME, 
Kauppinen S, 0rum H (2010) Therapeutic silencing of microRNA-122 in 
primates with chronic hepatitis C virus infection. Science 327: 198-201 

Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic gene 
lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 
75: 843-854 

Lee Y, Ahn C, Han j. Choi H, Kim J, Yim j, Lee J, Provost P, Radmark 0, Kim S 

et al (2003) The nuclear RNase III Drosha initiates microRNA processing. 

Nature 425: 415-419 
Lee Y, Kim M, Han J, Yeom K-H, Lee S, Baek SH, Kim VN (2004) MicroRNA 

genes are transcribed by RNA polymerase II. EMBO J 23: 4051-4060 
Lennox KA, Behike MA (2010) A direct comparison of anti-microRNA 

oligonucleotide potency. Pharm Res 27: 1788-1799 
Lennox KA, Behike MA (2011) Chemical modification and design of 

anti-mlRNA oligonucleotides. Gene Ther 18: 1111-1120 
Leucci E, Zriwil A, Gregersen LH, Jensen KT, Obad S, Bellan C, Leoncini L, 

Kauppinen S, Lund AH (2012) Inhibition of miR-9 de-represses HuR and 

DICERl and impairs Hodgkin lymphoma tumour outgrowth in vivo. 

Oncogene 31: 5081-5089 
Levin AA (1999) A review of the issues in the pharmacokinetics and toxicology 

of phosphorothioate antisense oligonucleotides. Biochinn Biophys Acta 

1489: 69-84 

Li Y-P, Cottwein JM, Scheel TK, Jensen TB, Bukh J (2011) MicroRNA-122 
antagonism against hepatitis C virus genotypes 1-6 and reduced efficacy 
by host RNA insertion or mutations in the HCV 5' UTR. Proc Natl Acad Sci 
USA 108: 4991-4996 

Machlin ES, Sarnow P, Sagan SM (2011) From the coven masking the 5' 
terminal nucleotides of the hepatitis C virus genome by an 
unconventional microRNA-target RNA complex. Proc Natl Acad Sci USA 
108: 3193-3198 

Marquart TJ, Allen RM, Dry DS, Baldan A (2010) miR-33 links SREBP-2 

induction to repression of sterol transporters. Proc Natl Acad Sci USA 107: 
12228-12232 

Marquart TJ, Wu J, Lusis AJ, Baldan A (2013) Anti-miR-33 therapy does not 
alter the progression of atherosclerosis in low-density lipoprotein 
receptor-deficient mice. Arterioscler Thromb Vase Biol 33: 455 - 458 

Martello C, Zacchigna L, Inui M, Montagner M, Adorno M, Mamidi A, Morsut 
L, Soligo S, Tran U, Dupont S et al (2007) MicroRNA control of nodal 
signalling. Nature 449: 183-188 

Mendell JT, Olson EN (2012) MicroRNAs in stress signaling and human 
disease. Cell 148: 1172-1187 

Miyazaki Y, Adachi H, Katsuno M, Minamiyama M, Jiang Y-M, Huang Z, Doi 
H, Matsumoto S, Kondo N, lida M et al (2012) Viral delivery of miR-196a 



862 EMBO Molecular Medicine Vol 5 j No 7 | 2014 



© 2014 The Authors 



Eua van Rooij & Sakari Kauppinen Development of microRNA therapeutics 



EMBO Molecular Medicine 



ameliorates the SBMA phenotype via the silencing of CELF2. Nat Med 18; 
1136-1141 

Montgomery RL, Hullinger TC, Semus HM, Dickinson BA, Seto AC, Lynch JM, 

Stack C, Latimer PA, Olson EN, Van Rooij E (2011) Therapeutic inhibition 

of miR-208a improves cardiac function and survival during heart failure. 

Circulation 124: 1537-1547 
Mortimer SA, Doudna JA (2013) Unconventional miR-122 binding stabilizes 

the HCV genome by forming a trimolecular RNA structure. Nucleic Acids 

Res 41: 4230 - 4240 
Najafi-Shoushtari SH, Kristo F, Li Y, Shioda T, Cohen DE, Cerszten RE, Naar 

AM (2010) MicroRNA-33 and the SREBP host genes cooperate to control 

cholesterol homeostasis. Science 328: 1566-1569 
Obad S, dos Santos CO, Petri A, Heidenblad M, Broom 0, Ruse C, Fu C, 

Lindow M, Stenvang J, Straarup EM et al (2011) Silencing of microRNA 

families by seed-targeting tiny LNAs. Wot Genet 43: 371-378 
Peacock H, Fucini RV, Jayalath P, Ibarra-Soza JM, Haringsma HJ, Flanagan 

WM, Willingham A, Beal PA (2011) Nucleobase and ribose modifications 

control immunostimulation by a microRNA-122-mimetic RNA. J Am Chem 

Soc 133: 9200-9203 
Pecot CV, Calin CA, Coleman RL, Lopez-Berestein C, Sood AK (2011) RNA 

interference in the clinic: challenges and future directions. Nat Reu Cancer 

11: 59-67 

Petersen M, Wengel J (2003) LNA: a versatile tool for therapeutics and 
genomics. Trends Biotechnol 21: 74-81 

Porrello ER, Johnson BA, Aurora AB, Simpson E, Nam Y-J, Matkovich SJ, Dorn 
CW, Van Rooij E, Olson EN (2011) MiR-15 family regulates postnatal 
mitotic arrest of cardiomyocytes. Circ Res 109: 670-679 

Pramanik D, Campbell NR, Karikari C, Chivukula R, Kent OA, Wendell JT, 
Maitra A (2011) Restitution of tumor suppressor microRNAs using a 
systemic nanovector inhibits pancreatic cancer growth in mice. Mol 
Cancer Ther 10: 1470-1480 

Ranganathan P, Heaphy CEA, Costinean S, Stauffer N, Na C, Hamadani M, 
Santhanam R, Mao C, Taylor PA, Sandhu S et al (2012) Regulation of 
acute graft-versus-host disease by microRNA-155. Blood 119: 4786-4797 

Rayner KJ, Suarez Y, Davalos A, Parathath S, Fitzgerald ML, Tamehiro N, 
Fisher EA, Moore KJ, Fernandez-Hernando C (2010) miR-33 contributes to 
the regulation of cholesterol homeostasis. Science 328: 1570-1573 

Rayner KJ, Esau CC, Hussain FN, McDaniel AL, Marshall SM, Van Cils JM, Ray 
TD, Sheedy FJ, Coedeke L, Liu X et al (2011b) Inhibition of miR-33a/b in 
non-human primates raises plasma HDL and lowers VLDL triglycerides. 
Nature 478: 404-407 

Rayner KJ, Sheedy FJ, Esau CC, Hussain FN, Temel RE, Parathath S, Van Cils 
JM, Rayner AJ, Chang AN, Suarez Y et al {2011a) Antagonism of miR-33 in 
mice promotes reverse cholesterol transport and regression of 
atherosclerosis, j Clin Invest 121: 2921-2931 

Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, 
Horvitz HR, Ruvkun C (2000) The 21-nucleotide let-7 RNA regulates 
developmental timing in Caenorhabditis elegans. Nature 403: 901-906 

van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN (2007) 
Control of stress-dependent cardiac growth and gene expression by a 
microRNA. Science 316: 575-579 

van Rooij E, Quiat D, Johnson BA, Sutherland LB, Qi X, Richardson JA, Kelm RJ, 
Olson EN (2009) A family of microRNAs encoded by myosin genes governs 
myosin expression and muscle performance. Deu Cell 17: 662-673 

van Rooij E (2012) Introduction to the series on microRNAs in the 
cardiovascular system. Circ Res 110: 481-482 

van Rooij E, Olson EN (2012) MicroRNA therapeutics for cardiovascular 
disease: opportunities and obstacles. Not Reu Drug Discou 11: 860-872 

© 2014 The Authors 



Rotllan N, Ramirez CM, Aryal B, Esau CC, Fernandez-Hernando C (2013) 
Therapeutic silencing of microRNA-33 inhibits the progression of 
atherosclerosis in Ldir"'" mice-brief report. Arterioscler Thromb Vase Biol 
33: 1973-1977 

Rottiers V, Naar AM (2012) MicroRNAs in metabolism and metabolic 

disorders. Not Reu Mol Cell Biol 13: 239-250 
Rottiers VI, Obad S, Petri A, McCarrah R, Lindholm MW, Black JC, Sinha S, 

Coody RJ, Lawrence MS, deLemos AS et al (2013) Pharmacological 

inhibition of a microRNA family in nonhuman primates by a 

seed-targeting 8-mer antimlR. Sci Trans! Med 5: 212ral62 
Salta E, De Strooper B (2012) No-coding RNAs with essential roles in 

neurodegenerative disorders. Lancet Neurol 11: 189-200 
Shimakami T, Yamane D, Jangra RK, Kempf BJ, Spaniel C, Barton DJ, Lemon 

SM (2012a) Stabilization of hepatitis C virus RNA by an Ago2-miR-122 

complex. Proc Natl Acad Sci USA 109: 941-946 
Shimakami T. Yamane D, Welsch C, Hensley L, Jangra RK, Lemon SM {2012b) 

Base pairing between hepatitis C virus RNA and microRNA 122 3' of its 

seed sequence is essential for genome stabilization and production of 

infectious virus, j Virol 86: 7372-7383 
Shin C, Nam JW, Farh KK, Chiang HR, Shkumatava A, Bartel DP (2010) 

Expanding the microRNA targeting code: functional sites with centered 

pairing. Mol Cell 38: 789-802 
Stenvang J, Kauppinen S (2008) MicroRNAs as targets for antisense-based 

therapeutics. Expert Opin Biol Tber 8: 59-81 
Stenvang J, Petri A, Lindow M, Obad S, Kauppinen S (2012) Inhibition of 

microRNA function by antimlR oligonucleotides. Silence 3: 1 
Takeshita F, Patrawala L, Osaki M, Takahashi R-U, Yamamoto Y, Kosaka N, 

Kawamata M, Kelnar K, Bader AC, Brown D et al (2010) Systemic delivery 

of synthetic microRNA-16 inhibits the growth of metastatic prostate 

tumors via downregulation of multiple cell-cycle genes. Mol Ther 18: 

181-187 

Thorsen SB, Obad S, Jensen NF, Stenvang J, Kauppinen S (2012) The 
therapeutic potential of microRNAs in cancer Cancer J 18: 275-284 

Thum T (2012) MicroRNA therapeutics in cardiovascular medicine. EMBO Mol 
Med 4: 3-14 

Torres AC, Fabani MM, Vigorito E, Williams D, Al-Obaidi N, Wojciechowski F, 
Hudson RH, Seitz 0, Cait MJ (2012) Chemical structure requirements and 
cellular targeting of microRNA-122 by peptide nucleic acids anti-mlRs. 
Nucleic Acids Res 40: 2152-2167 

Trang P, Medina PP, Wiggins JF, Ruffino L, Kelnar K, Omotola M, Homer R, 
Brown D, Bader AC, Weidhaas JB et al (2010) Regression of murine lung 
tumors by the let-7 microRNA. Oncogene 29: 1580-1587 

Trang P, Wiggins JF, Paige CL, Cho C, Omotola M, Brown D, Weidhaas JB, 
Bader AG, Slack FJ (2011) Systemic delivery of tumor suppressor microRNA 
mimics using a neutral lipid emulsion inhibits lung tumors in mice. Mol 
Ther 19: 1116-1122 

Tsai W-C, Hsu S-D, Hsu C-S, Lai T-C, Chen S-J, Shen R, Huang Y, Chen H-C, Lee 
C-H, Tsai T-F et al (2012) MicroRNA-122 plays a critical role in liver 
homeostasis and hepatocarcinogenesis. J Clin Inuest 122: 2884-2897 

Ventura A, Jacks T (2009) MicroRNAs and cancer: short RNAs go a long way. 
Cell 136: 586-591 

Wienholds E, Kloosterman WP, Miska E, Alvarez-Saavedra E, Berezikov E, 
De Bruijn E, Horvitz HR, Kauppinen S, Plasterk RHA (2005) 
MicroRNA expression in zebrafish embryonic development Science 309: 
310-311 

Wiggins JF, Ruffino L, Kelnar K, Omotola M, Patrawala L, Brown D, Bader AC 
(2010) Development of a lung cancer therapeutic based on the tumor 
suppressor microRNA-34. Cancer Res 70: 5923-5930 

EMBO Molecular Medicine Vol 5 j No 7 j 2014 863 



EMBO Molecular Medicine 



Development of microRNA therapeutics Eua van Rooij & Sakari Kauppinen 



Wightman B, Ha I, Ruvkun C (1993) Posttranscriptional regulation of the 
heterochronic gene lin-14 by lin-4 mediates temporal pattern formation 
in C. elegans. Cell 75: 855-862 

Worm J, Stenvang J, Petri A, Frederiksen KS, Obad S, Elmen J, Hedtjarn M, 
Straarup EM, Hansen JB, Kauppinen S (2009) Silencing of microRNA-155 in 
mice during acute inflammatory response leads to derepression of c/ebp 
Beta and down-regulation of C-CSF. Nucleic Acids Res 37: 5784-5792 

Yamakuchi M, Ferlito M, Lowenstein CJ (2008) miR-34a repression of SIRTl 
regulates apoptosis. Proc Natl Acad Sci USA 105: 13421-13426 

Yang JS, Lai EC (2011) Alternative mlRNA biogenesis pathways and the 
interpretation of core mlRNA pathway mutants. Mol Cell 43: 892-903 



Yi R, Qin Y, Macara IC, Cullen BR (2003) Exportin-5 mediates the nuclear 
export of pre-microRNAs and short hairpin RNAs. Genes Deu 17: 3011-3016 

Zhang Y, Roccaro AM, Rombaoa C, Flores L, Obad S, Fernandes SM, Sacco A, 
Liu Y, Ngo H, Quang P et al (2012) LNA-mediated anti-miR-155 silencing 
in low-grade B-cell lymphomas. Blood 120: 1678-1686 



License: This is an open access article under the 
terms of the Creative Commons Attribution 4.0 
License, which permits use, distribution and reproduc- 
tion in any medium, provided the original work is 
properly cited. 



864 EMBO Molecular Medicine Vol 5 | No 7 | 2014 



© 2014 The Authors 



